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GRAPHITE FIBER SURFACE ANALYSIS
BY X-RAY PHOTOELECTRON SPECTROSCOPY
AND POLAR/DISPERSIVE FREE ENERGY ANALYSIS

GEF. IIAMMEl[RI
I rirrsl IreglSisens, Dltoun, Ohio~ 4.5432. USAI

and

1.1. I)RZAI.
At,, Poir-sMut,'ia/s ILahorrai,)rl' A b.10.',

bri/silutesor Ii.Ohio 45433. USA.5

R,:,ciied 26 Septemiber 1979
(lev i ed ma nrr 'copt rcei ed 23 Octobher 1 979

(r,phIte F-iIers Of icIS than In P in diameter are used as tile reilrint-t acents itt strlICrrrral
it trrat r I\LL IttI ist mateIIJ rialIs. Ilieir cI ti,. ietl,. in rcitifoitinrg is determined to I largeL de-

,Ce h% the it d evrec r I 10ni inct) thle cros>(11iirrrer.ial sIurfae treatTiCerrts Itta\irrtt/C tills id-

lieurtl a tlhout qiantt) tr tire interaction [tie pujrpose ,t'tii Silork has been to relate the sur-
fLc corhip- Isjt it'I c,,ritttrerj -ai treated and ,rnt reied fibers t,. thle "real" filmr krrtacc itte~l -
po(r.,ied rIr omi-psitcs. 11Cr,. rles A and IN iNtbet s. trcated arrd (ritreated. raVe bert 111LM tied[ rrs r
X-rw ph-t ',WILI t jtwpeir,,seope JXPSi atnd tttlat arre vI! le sistre IIIentIs befo( re aid aftIt a cI'

300r ( la r i at treat int MIS spectra i t~li'hImulitiple 11i,11iia state, o1 1ar 1,1h

I5 e~rll 111i1 a ICeIli,o~n in tire tit~l Crrre 1! illdiit,iliiae of eartbrt i tie treatedi A tibet afterI

sa triti tbeat treLtiMIlt. I ictIrirtnal Stiriace cotrittnaton )lr ive been alerulatecd kuini i ce

\PS Ileak areas ( ,Itact angles %Acre treasured lilt tirese. samte fibers iite a rittlr,, V iliettits
teiIriir r, itircntiwIateii eighit liqutid, travinr a g i de ran ' v f pl a, IL I d SpeCrSI% e'C fre erer-

gn ratils,. I etitrradtimi of thre fib-er silrace free energres ird tire 1rirt, its tile t , r~di andti
dispersive eli ip, nunt s a as imade Good cortrelain %Haas founid bet went tire (,\\ gert me, nrrra-

tin ,r% Ireasrired I'll XI'S and tire change itt pflar/disperstie -i tills for tire fibers, aitr sartaee

twit lments.

1. Introductior

Advanced comtiposite miaterials fabricated with itapitite itbeis aid priivtitrtc Ina-
trices a. e ieliahie, predictable materials used as StIucti ral conrprrrreris III aircraflt.
[he ability itf these comrposites toi effectilely rise tire strenth arid sltitlness rlf thenr

Preseint addrm:s (;iodyeai It,. and Rubbrer ( moiprry. Akrt,, Oio, 44 110. 1 SA

To whom altli coit reponrdetite sitou d be add tesscod



V,/. Ilamrnr, I.. T IDr:aI G~raphite fibecr surface ana/t'sis 341

-iaph ite icini hirc ing fibers depends onl the prope rtiecs of' the mra trix material and the
de~gree of' bonding between fiber and inatrix. Many studies have attetmpted to corre-
late fiber surf'ace properties to mechanical propcrt ies of composites hut they have
been hri the niost paint iinsucessh i in providing a basic understanding of the specif-
iii (Cracions that occur between tiher and matrix at the composite interface. X-ray

phoitielect ron and Auger spectroscopic analysis of graphite fiber surf'aces have been
nade and have noted the presence of surface oxygen onl graphite fibers 11 31J. Mea-

Surfelieits of this type, however, are made un well p~repared samnples in a vacuum
envirotiment. It is not known if' the fibher surface species are added during Surface
rfeatnIent and if' these Species 'are able to interact with thle composite matrix niateri-

a I after ir e h ave been ex pose(] to thre anib ie nt environment.
P lar/dispersive surface f'ree energy analysis determnine(] through contact angle

mreasuremrenrts has tie potential Imt mreasuiring tite "effectiveness'" of surface groups.
Tis deternrrtiui IS done in the anmbienrt air environmnt. Contact angles for a se-
ries if1 Ilituids of' known polar arid dispersive f'ree energy content arc measured gravi-
roetricall , onl the tibers ruf interest, Thre fiber polar/dispersive free energy contipo-
teri t s are detcrrrriired throuught analysis of' tire data according to tire method propoisedl

b\ Kacible 141.
[tie pirpose of' this work is to determrine the change in surface composition of

various graphuite tibers witht treatmienrt by XPS and to measure the correspondinig
c~hanges in tire polar/ulispersive nature of tine Fiber surfaces through contact angle
inicasri irenit.

2. Experimental

2. /. G;raph/ite fibers

Twit graphite fibers were chosen for this study. They were trade f'ront polyacryl-
onit rile based fibers using standard carbonizationt and graphtitization techniques.
fOne fiber was graphritized at approxirmately I1500 0C and was designted as a type A
tiher. [Ire orthrer was graphitized near 26000C and was designated as a type INM fiber.
The riain structural elemients of tire graphite fibers are graphitic ribbons whtich lie
rughrly parallel to tine tiber axis. These ribbons are fornmed of graphritic crystallites
which increase in size with increasing graphitization temperature (iFe. 13 graphitic
lay ers arid 40 A wide fror I 5000C H.T.T. versus 20 layers thick by 70 A wide for
2600'C 1.T.1. material), The ribbons undulate and twist along the fiber axis anid
tire degree of alignirrent varies with graphitization temperature such that tite type A
fiber has graphritic basal planes, edges and corners conmprising the Fiber surface while
tire imore graphritic type hIM fiber has a surface composed mrstly of graphitic basal
pilarres. D~etailed discussions oif' graphite fiber morphology are available in the litera-
ture 151.

lire fibers studied htere were supplied untreated (U) and surface treated (S) by

2
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tile mia ititIiac I trer wit it Iis lto p ieIa irV pio ess I~ p II II IIC l)j II .\ jl i

set of tour fibers ( AU. AS. ii li and INIS) served ats a ba o tils sl ul mid 1w

viiled IlepresentaIlIves o I pI act iCal ex Iireltie iii phical2 p roicruiiiit dmIa l ti I

nlent s.

]1lie XI'S Stu~dICS (11 these Ilibei ssIN e I Io iIlIln d Ius]ig 1 li sicali I leI I i'1 ,i 1 (

dustries itoilel 1 5-255( "double-pass cylindrical nnior ailaly/er ((MA). [ lie ali-

I yiet \&as tisedl in tilie retarding inde withi pass energies ci 'a espiiiu Ig to a pcIW
troileter resoilution (fwhini of' 1. 2 or 4 eV. Initial studies on the fibers -asieceived"
were performed uisinlg a Mg X-rav ariode this was replaced by- anl alriililiiii anlic
before tlie effects of' the vacuum heat treatment of thle libels wVere studliedl. So

the initial studies were repeated with tie new anode.
Samples for tile XPS studies werc preplared by CUttilu iri a:1 IC 1111111,bel ifhe SfIb

at length of about 10 un, being careful to avoid handling eontaiiiatloii. aiid placinie
themi in) a nickel holder approximately 10 X 5 X I tnim. The fibers were tliii field
hy a nickel mask which lit tightly itnto thle holder liver tile fiber ends. I-he llfde

was thien fastened to a stanidard sample carousel.
Tile vacuum chamber was putmped down without baking to a pressure oi I x"10

Pa before taking tile spectia.

2..? Pt) olar/d ispersir e surjacc' ftee eneg~v anali'sis

Suirface energetic analyses of* the graphite fibers usedl in thIis vtiilvA

nuidby measuring thle Cnatangle ofia variety flqishvn ,kok ~t,
and dispersive comtpoinenits of their total surface free energy and aiialv/in- flie ic
suIis according to thle mlethod proposed by Kaelble 141.

Trhe method assumes additivity between lIondiln dispersioti -Yt andl keesoil p LIa

'y interact ions between liquids and solids resulting in the total sin ace lice elielgy

*Y being equal toi the surm of' rte polar and dispersive components

'YS 'Y + .YS

Tue assumption holds for low etnergy solids like hlolynlers wlieie thle suin tkc I icve

energy under ambietnt atmospheric coinditionis is, practicaH!' tue saiile as ilidelI VaL [I

utn. It is assumed that this hlids true f'or graphite filiesais since they are moi re
similar to polymner surfaces titan the high energy si aces where this assiluption is
not valid.

I Hercules Inc., Wilmington, Delaware.

3
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lhc wo rk )I a.dliesioii IVA dclried h

It' - "lI I " 'N 11 ) (3)

1, t,)dUce rid !'.O sihtlltllth the iclationsliip between WA and the poilar an(d
', ' llipments (1 the silld )f interest is obtaircd

2 D 2 r 2 2 1)

(Ih + ) )- S* . + t YS /12 (S)

wh.re -vi are kno)n for the liquids used to contact the surface of interest
1) 1 '2

(tihIe I Land (', the _)ntact angle is measured. A plot of y, (I + cos 0)/2L ver-
s I -ry) l1 2 will \ . ld a straight line with the slope and intercept providing a so-

h ti,' to yP alid v) lt the surf'ace of'interest.
Sice the tihcrs used in this study had a diameter of 8 to 10, optical deterni-

ii~jthu to the c(ntact angle was not feasible. Instead, gravimetric determination )f

tlhc c ittact atngle was nade using a icro halance. Fig. I shows the experimental ap-
paratos \1ch has heer used betore jh.7 i.

A single fiber cij efully cut and handled to avoid damage or contamination was
torunted to the end of a small nickel wire hook with a cyanocryate adhesive. (Scan-
mg Auger 1 tic t p1htube analysis of this cotliguration showed no migration of the

adlhes ic to the area where the contact angle was measured.) The fiber/hook was
dhtn stspetnded lon the arni of a Calti RG microbalance. A container of the liquid
to be used fIM the cotn tact angle measurements was slowly raised to the fiber tip. At
c0i tactL the tiirohalance would detect a change in force due to the wetting of the

"Irfar f ie icrgt , et'N Lrponents of reference tiquids used for contact angle deterninations

LL (2J/n12) 'YL (tlnJ/nlt)

72.8 21.8 51.0
gll er l 64.0) 34.0 30.0

v'hytcnt' glyc,) 48.3 29.3 19.0
p,,lypr,,py one

lyot4 P(- t200 31.3 24.5 6.8

iwranide 58.3 32.3 26.0
n-IRcxaccane 27.6 27.6 0
miettivlene ilide 501,8 48.4 2.4

hritnaph thalene 44.6 44.6 0

I4 III ~ -
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MICROBALANCE

Fig. 1. Schematic diagram of the micro-Witheliny technique for measuring contact angles on fi-
bers.

fiber by the liquid. The liquid was raised an additional 0.5 mm to avoid having fiber
end effects on the measurements. This force was recorded. Between five and ten fi-

hers were measured for each liquid.
The measured force could then be related to the contact angle through use of

equation:

F= yLid cos 0 , (6)

where y is the surface free energy of the contacting liquid, d is tile diameter o

circular cross section fibers and 0 is the contact angle. d, the fiber diametc ssas de-
termined for each fiber with a Vickers image splitting eyepiece at 43t)X after tile
wetting experiments were conducted. Only one liquid was contacted with each fi-
ber to preclude cross contamination or artifactual changes in fiber surface chetnis-
try. -YL , the surface free energy for all the liquids used was checked in the laboratory
and the liquids were stored in sealed dispenser bottles in the same constant temper-

ature and humidity environment (22°C ± 1/20, 30% rh ± I5V) used for tle wetling
measurements. Since F, 'YL , and d can be evaluated independently, cos 0 call be eval-
uated from eq. (6).

3. Results and discussion

3.1. XPS of type A fibers

X-ray photoelectron spectroscopy (XPS) measurements showed that the surface

compositions of type A fibers were quite different before and after surface treat.
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ment. Typical photoelectron spectra over a kinetic energy range from 100 eV to
1100 eV are shown in fig. 2. Clearly the surface concentrations of oxygen and ni-
trogen are higher on the AS fibers, fig. 2b, than on the AU fibers, fig. 2a. The larger
oxygen concentration on the AS fibers is not unexpected as these fibers have been
surface tieated with an oxidation technique. The source of the nitrogen is not known
precisely but its presence could indicate that the fibers were oxidized in nitric acid.
The surface sodium concentration is unexpectedly high and is probably due to re-
sidual impurities left in the PAN precursor after spinning.

The carbon, sodium, oxygen and nitrogen Is photoelectron peak energies and
till widths at half maximum (fwhm) were measured at a spectrometer resolution of

N(E)

S N 0 01s Cis

I I I i I I I I I I

300 500 700 900 11OO
KINETIC ENERGY, eV

i'ig. 2. XPS spectra of type A fibers (a) in the untreated condition (AU) and (b) after surface
treatment (AS). Spectrometer resolution was 4 eV.

6
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2 eV. The carbon. (oxygen and soditm peak energies aerecd within I vV flr the lout

sets of- fibers studied.
Calculations have been made of the siu face concentlrations of oxYgell. hIltoL ge

and sodiunm from the XPS data. (ross sections were taken from the data of Sco field
181. A scrni-quanttitative comparison of fiber surface conpositi, n was made by
measuring tlhe peak area above backgroind, correcting for elemeiital sensitivities
and normali iJg. The results are shown in table 2,

The oxygen content ol the A fiber in the "as received'" cnlition increases with

surface treatment by a factor of two. The nitrogen content likewise increases rmin
2 to 7,:. Small (- 3A) but significant amounts of sodium are present oil the fiber
surface.

Nitrogen is almost always present on PAN based graphite fibers that have been
graphitized at low temperature. Sources of nitrogen could be residual material tm
ineffective graphitization, residual impurities left in the fiber froni the spinning op-
eration (e.g. NaSCN) or the result of surface treatment. The nitrogen peaks observed

here on both the AU and AS fibers were within 0.4 eV arid had a binding euuerg (of

Table 2
tlemental composition of graphite fiber surfaces determined by integration of XIS peaks

libers C 0 Na N S

"as received"

AU 9 3 2

AS 70 20 4 7

300WC V.T.

AU 79 14 6
AS 72 18 6 3

600'C V.T.

AS 84 7 5 3

750C V.T. + H2

AS 94 3 1 t

"as received"

HMU 95 5 -

tIMS 89 9 -

300°C V.T.

ItMU 96 4
HMS 97 3

p 7

r
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abotut 400 eV. This suggests no change in type of nitrogen with surface treatnlt.
Also tile value of 400 eV corresponds to C -N or to C NIl 2 type linkages 1151.
lliis is very similar to the nitrogen photoline detected by Barber et al. 121. Recent-
lv. Thomas and Walker 131 have also described nitrogen on the surface of AS graph-
ite fibers hut have attributed the spectra as characteristic ofC 0- N type linkages
but neither binding energies or spectra were given in the publication. Hopfgarten II I
has detected nitrogen with Xt'S on similar graphite fibers at 400 eV but did not
speculate on its source.

Tie distribution of the sodium within the sampling depth of the spectrometer
for these fibers was determined by comparing the Na 2s to Na Is photoelectron ra-
tio. The 2s photoelectrons have a kinetic energy of 1190 eV versus 180 eV for the
Is photoelectrons and therefore an escape depth two and one-half times greater.
The sodium Is to 2s ratios are 4.2 and 3.7 for the AU fibers and 2.0 and 1.8 for the
%S fibers. This indicates a higher surface concentration of sodium on the AU fiber

even though the total amount detected is the same for both fibers.

The source of sodium is believed to be residual sodium-sulphur salts used as a
coagulant in the PAN spinning process. Hopfgarten [1 has also seen these species
on some PAN based graphite fibers and attributes the sodium to residual sodium
thiocyanate used in the PAN polymerization. Definitive energy assignments were
not possible here because of the low signal to noise ratio attainable. Bulk X-ray anal-
ysis has shown levels of sodium for these fibers of 1--2000 ppm [9J. Although bulk
concentrations of this level would not be expected to give appreciable surface con-
centrations, evidence of these compounds and their tendency to migrate under time-
temperature conditions is provided in the literature [101.

An attempt was made to distinguish between physisorbed oxygen containing
species by vacuum treatment fomr 12 h at 3000C. This treatment was not conducted
in the XPS spectrometer system and involved air and moisture exposure prior to
XPS analysis. The oxygen concentration for the AS fiber remained about the same
but the sodium content increased (3 -6%) and the nitrogen content decreases
(7 --3?2). The oxygen content on the AU fiber increased with this treatment, how-
ever leading to suspicions that the air and moisture exposure after 3000 C vacuum
treatment may have oxidized a greater portion of this fiber surface. Support for this
mechanism can be seen in fig. 3. The 0 Is peak after 3000C V.T. (curve a) shows an
additional shoulder at ; 950 eV not present in the "as received" state (curve b).

The stability of the surface species was investigated by treating the fibers with
high temperature vacuum exposure. One sample of AS fiber was treated in vacuum
of< 10- 7 Torr at 6000 C for I h. Another sample was treated on vacuum of< 10- 7

Torr at 750 0C for I h followed by exposure to hydrogen at 7500 C. In this treatment
the amount of hydrogen added to the gas phase in contact with the fiber at 750'C
was the equivalent of one monolayer based on sample size and surface area. The re-

action products resulting from this exposure as determined by mass spectrometric
analysis contained significant amounts of H2S 11 1.

XPS analysis of the AS fiber after both of these treatments was determined and

3
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OIs

/NI E)/

(b)

940 965

KINETIC ENERGY, eV

Fig. 3. Oxygen Is spectra of AS fiber (a) after 300 C V.'. and (b) in the "' ct vtvd %Itc

the results tabulated in table 2. The 600C V.T. reioved over half ,t tile sutface

oxygen groups but did not appreciably affect the intensity ot N or S photolines
Treatment at 750 0C followed by hydrogen reduction did, however, greatly reduk:ce
all of the surface species. Tile oxygen level was reduced to about three percent and
the sodium, nitrogen and sulphur were reduced to the one percent level.

C IS

NIE) to)

(C)

-I I

1190 1205

KINETIC ENERGY, eV

Fig. 4. Carbon Is spectra of AS fiber (a) after 750'C and hydrogen treatment (b) after 60 0 'C
vacuum treatment and (c) in the "as received" state.
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High resolution C Is spectra show that the removal of oxygen species with treat-
bent is paralleled by a narrowing of the C Is peak (fig. 4) indicating a more graph-
itic type of carbon 1121.

3. 2. S O.f 111! fibers

Broad scan XPS spectra for the type IIMU fibers and HMS fibers in the "as re-
ceived" state are shown in fig. 5. These spectra are quite different than the spectra
front thc A fibers (fig. 2). Oxygen is the only surface species detected other than
carbon on these surfaces. The surface treated IMS fiber has more oxygen than the

CIS

N(E) o

L 
b)

I L I I I f I I

'0o 500 700 900 1100
KINETIC ENERGY, eV

Fig. 5. XPS spectra of type IM fibers (a) in the untreated condition (HMU) and (b) after sur-

face treatment (UIMS). Spectrometer resolution was 4 eV.
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untreated tibet (9', verstus 5' ) as showI im table 2. Nitiogen. sodihiumi and] sulplhi
Life tfot preswett prirhahil due to tIre 1IIu,1I highel glJaphlriatihrt telillitil2l pivlnl
this tiber (i.e :t 2h0'() even thorugh the PAN pLctursrir pt0> rirer was the samlie.

The ccarhoti and ox ygetn Is photolectior. peak elnergies anl! tull widtlhs '1t hall
maxinmurn were also measured at a spectroittet e resolultiion of I cV. fie .arhot and
oxygen peak energies tromn the ditterent fibes were within 0.2 eV Ir ~l bon and
0.5 eV tOr oxygen. 'I lhe whn for carbon and oxygei were measured to be 1.6 eV
and 3.4 eV respectisely -lhe twhnl t o oxygen is similta to that froni the AS ind
At! fibers, hn1 tmie twh for Icarbont is corsidelahhy nait oser thban that irtll the AS
and ALU libeis ( 1.6 eV otrompated to 2.25 eV). fig. 6. This result is not utotra thahle
as the higher graphtitt.ation tellprCature Io' the IIIS and IMU Lfibers shoruld result
in more truly graphitic surf aces.

I'he suilace ctncentration of oxygei cletermined on the hIM tibers iit the "as ic-
ceived'" state (table 21 shows that the surface treatmet dtuubles the o\sstetr concet-

N(E)

(b I

955 9gO 965 970

KINETIC ENERGY. oV

Fig. 6. Carbon Is spectra for (a) type AS fibers and fb) type tIM i fiberN. SpeCtroilteter resolu-
tion was I eV.
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tration. Treatment at 3000C in vacuum reduces the surface oxygen content on both
fibers. Previous work 1131 has shown the evolution of carbon monoxide, carbon di-
oxide and water from these surfaces at temperatures well below 300' C. Likewise es-
timation of surface energetic heterogeneities troni krypton adsorption isotherms in-
dicates the same level of surface heterogeneity as oxygen content determined by
XPS (i.e. 1-4%, versus 3 4'; ), see ref. [131.

3. 3. Polar/dispersire free energv anal)ysis

The results of gravimetric determinations of contact angles on these graphite fi-
bers are listed in table 3. The value of 0 listed is cal,:ulated from eq. (6) and is the
average for all determinations on each type of fiber with the indicated liquid. In
general. the contact angle increases with increasing surface tension of the contacting
liquid and decreases with surface treatment for each fiber type.

Plots were made according to eq. (5). Some typical plots are shown in fig. 7. A
best fit ;traight line is determined for each data set using linear regression analysis
and the slope and intercept are used to determine the -'y, , and y

, or each fiber

and treatment. The results are shown in table 4.
Comparing values of the total surface free energy -yT for the fibers and surfacetreatments studied leads to trends similar to those observed with the XPS surface

analysis. That is, surface treatments increase the total surface free energy Tover

the same fiber that has been untreated for both the A and HM fibers.
Inspection of the polar (-yS) and dispersive (-yD ) components of the surface free

energy indicates that the dispersive portion remains unchanged with treatment and
that all of the change in yT is due to a change in "yP the polar component. This was
observed by Kaelble 141 for three similar fibers.

16

14

E 12
~10

8 I AU +

4 -iMUo0
HMS 0

o( 02 04 06 00 10 12 14 16

(- P, jd"

Fig. 7. Typical plots of WA/I2-yD / versus (-,P/-.D)12 for AU, AS, HMU and IMS fibers in the
"as received" states and the "best" linear regression analysis line through those points.
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Table 4
Polar. dispersive and total surface free energy of graphite fiber surfaces

I'iber, Surface free energy

.y(mj/m2) -fS 0nJ/m2) S (1J/12)

"as received"

At' 23.6 2.6 27.4 -0.3 51.0, 2.6
AS 30.0 * 1.7 26.4 t 0.1 56.4 t 1.7

300( V.

AtT 24.1 1.4 26.3 1.1 50.4 -1.4
AS 26.8 1.4 26.0 ± 1.2 52.8 ± 1.4

750 ( V, I + It,

AS 12.3 t 1.5 32.3 ± 1.5 44.6 ± 1.5

"as ,ceived

IIMII 8.1 ± 3.0 33.0 ! 1.2 41.1 t 3.0
IIMS 20.7 t 4.0 28.2 t 0.3 48.9 ± 4.0

30( ( V.I.

IIMU 7.4 ± 0.9 32.0 ± 0.9 39.4 + 0.9
IIMS 12.8 1.7 30.2 t 0.4 43.0 ± 1.7

. 4. Relationship betweent XPS and surface energetics

Surface treatments that increase the sutrface oxygen content as determined by
XPS also increase the polarity of' the surface as detected by contact angle measure-
ments. Specifically, for the A fiber in the "as received" state, the XPS oxygen con-
tent increased from W% to 20', with surface treatment and surface energetic analysis
indicates an increase in -Y of from 24 to 31 niJ/ni2 for the same fibers. XPS of the
IM "as received" fiber showed an oxygen increase of 57 to 9,7 with surface treat-
ment and surface energetic analysis indicates an increase in ',p of from 8 to 21
M.

The lack of proportionality between increases in polarity with increases in sur-

face species is not unexpected if one takes into account the nature of the fiber sur-
face and the type of measurements conducted. The corners and edges of graphitic
crystallites are sites for oxidative attack 1141. Although the crystallite size increases
with graphitization temperature (i.e. 70 .A versus 40 A) there are less exposed cor-

ners and edges on the ItM fiber because of the better circular alignment. Therefore.
a small increase in surface oxygen would be dispersed over a large area of the fiber

14
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stirtace and wouldl ne es\pectedl I hiate I Llve cite, . IiiWlx-is oi hx A it 'I I'll
tioiiial oxviaeri Species heiui l iex 11a1 tile xpxx %cx iwild. prcwItii ajiu (II
1.11t01t1tI their elteCi per a;iddittIiiial aut'tafidtn lp ixajit *tiW lii hi 101)i
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less titaIII Cithiet fiber Itl tite -as:eJ ixx state. I lie lImlx atid II" x'M>xi i

reduced aliet lOO C V I .also. I lie AS tiler tlealte d at /f't)( %k ttil1 lihiiieet dti
plays a aie dcr.eaxe (311 i I. 2 ti/ni2 

) kkith a iedUltj Iiii itl xtrtc ''\' .- 'I

'I lie ielatiouisttip itetwetCi the polat C0xitti(IC1ie(it UI Si sitaxC ilee eitIL _Y1
tile stirlace coiiiitiiixton is iepircscited giihiicallv to fig. S. hiete lifil jixiat iilx-
ulit[ of the SIliI1; hue, iclf xnrg i plotted as iii11dii seisis itlitticl ltIMCIIt xttrfte
ox~ xcei as iiieasu ted hy XI'S as ;ihxsx isoa. ('iii oi l ilie gi l a te tIl 11- till 1I C i t ii , I cx
ticastited biased oil the data ill tables 2 mtid 4. I lie %ettical aii! lixii/ititd ijts xxii

eacth piiiit tepiesuiit tile exiiiiaied 0Ii 1- sxeai 1With Cix li IiexiicJ txIti
It is obviou iixtoni file data that tltICII i dettlitt iddaittilfx ievicetII the ird,

Coitihtitcit of tile Su iaice t ee etteigs aid XI'S titeaSIjiel t lacet iixexitCxiiici

itolecidati States of C-acti Species ie. ititio li ati C,111)0 cse1 sxlitt % x.5L 1xi
species, etc: cattito ne evaluiated it this lite luecise oi thek iitiN,iitttill il I
tiiois.I Ihtisvee :iattemtpts 11 xltiifitiig )P~x itill., i inie ic xxilltx
im ellect trilN tn ilte AS anti AU) poixitl (ax ICCeId .Iiii 3010 1 . I itl extxLxit lxx

AC ~ i Peren Oxg -

Fig. . Plt of thep~la coin~men of'raphte fber,,fc 1'e ri) uliXSdtr

mined oxygei coei Im)> all vraph 2Y lir aind Studiedt.
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c\picmcd In shit thil toward Ite ordjnate but would not be expected to alIter the
Penei af obseived correspondence between these two parameters.

it is Als) obVious that a nleasuretnent obtained in high vacumn (X PS) is relatable

tr.airairdetrlliled tlesllentnt 'S). This attests to the efficiency of species ad-
rtci during sil ace I reatllrent for proinoting adhesion even though these surfaces are
e\pised I, be anibient air environment befoic fabrication into a composite.

4. Conclusion%

Sm lac tiratlielts of graphite fibers which promol~te better fiber nlatrix adhe-
511011 lesl~lt piiinaril ' it all inicrease in surface oxygen concentratiotn as mecasured by
\PS and an ilcrcase in the total surface free energy of' tile graphite fiber surface as
Jelcriimcrt b\ co(ntact atngle measurremoet. The chlange in tile total surface free
tCllcrg\ oltl5 abolil primiarily throughl an illcicase itt the polar coltlplilent of' tile fi-
Isci .ri ic e rcnelg ('Consequenltly fibel siiface t reatlllents whlichr oxygenate the
(Ift a~ Co .l Cc cc ail p ofot115Itg ll~ ltlce d adhicsh 01 by increasing sur face pollari ty

ds cli as h%, iliceasit! tile surf arc contcentiatiln (of o~xygen.

I Ix aidded su~rface groups letaill theil polal ellalactel after exposure tor tite envi-

olll11lit A defitlile lelatiolshrip betweeti vacuir mleasu~redl surface groups and ail

li1CI'SHilrd inaci cloltact anles exist,, for All If time fibers atnd surface treatmnents

Ilicasurred.
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